This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. were reviewed. Patients were divided into those treated during the first 4 years after the accident (n = 78, shorter-onset) or later (n = 37, longer-onset). The whole group and 3 age subgroups: children (aged less than 15 years), adolescents (aged from 15 to less than 19 years), and young adults (aged from 19 years) at surgery were analyzed.
From pathological studies, it is known that PTC detected 4-5 years after the Chernobyl accident (tumors with the shortest latency) in Belarusian and Ukrainian children frequently had solid and solid-follicular growth pattern, which is more characteristic for the youngest patients, whereas in the longer-onset tumors the papillary structures were more common. [20] [21] [22] The short-latency PTCs were also morphologically more aggressive than tumors developing after a longer latency 20, 21 or than sporadic PTC in age-matched groups. 15, 22, 23 In view of morphological differences between radiation-related and sporadic PTC in Chernobyl countries, and its temporal morphological evolution, the objectives of this study were to undertake detailed histopathological analyses of structural components and invasive characteristics of Fukushima PTC to determine whether time-dependent changes could be seen in the whole group or age subgroups of operated patients, and to evaluate age-related trends.
| MATERIAL S AND ME THODS

| Patients
From 125 patients who underwent surgery at Fukushima Medical University Hospital, 119 cases of PTC were available for review by the authors TB, MI, and YH. Four cases (cribriform-morular variant of PTC associated with familial adenomatous polyposis) were excluded from analysis, and the remaining 115 PTCs were included in the study. All paraffin sections of tumor and extratumoral tissues, as well as all paraffin sections of dissected lymph nodes stained with H&E for each case were reviewed. 
| Histopathology
Histological subtypes/variants of PTC were evaluated according to the 4th edition of the WHO histological classification of thyroid tumors. 24 As this classifications indicates that classic (conventional)
PTC also includes tumors with mixed structure, and the papillary architecture might not always overly present in those, PTCs under longer-onset Fukushima PTCs, which are unlikely related to the effect of exposure to very low doses of radiation.
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comparative study, Fukushima nuclear accident, mass screening, papillary thyroid carcinoma, surgical pathology this study were additionally characterized according to the dominant growth pattern as papillary, follicular, and solid-trabecular when the corresponding structure represented >50% of tumor section. In our opinion, classification by the dominant structural component rather than by histological variant would be more useful here once the particularities of tumor architecture are being addressed. 16, 23, 25, 26 Note that the distribution of the dominant growth patterns correlates but does not coincide with that of histological PTC variants, which are important for tumor prognostication and long-term management (see Table 1 for descriptive characteristics of cases in the study).
Oxyphilic cell metaplasia was evaluated as focal or severe.
Tumor stage was determined according to the 7th edition of TNM classification system, which assigns minimal extrathyroidal extension to the fat and connective tissue to the pT3 category. Of importance, Fukushima micro-PTCs were not indolent microcarcinomas as both in the earlier-and later-onset groups these tumors displayed extrathyroidal extension in 40.9% and 46.2% (P = 1.000) and nodal disease in 77.3% and 92.3%, respectively (P = .377).
| Statistical analysis
The distribution of dominant histological growth patterns did not show statistically significant changes over time, although a relative increase in the frequency of the papillary (from 66.7% to 78.4%, P = .204) and a decrease in the solid-trabecular patterns (from 16.7% to 5.4%, P = .137) were seen. Among histological variants, the classic (conventional) PTC was the most prevalent (90.5% overall, Table 1) without significant differences between the earlier-and later-onset groups (92.3% and 86.5%, respectively, P = .328). Histological variants such as follicular, solid, and DSV occurred in a minority cases.
Oxyphilic cell metaplasia was observed in 46.1% of cases cumulatively; no significant difference over time was detected (P = .884
and P = .526 for focal and severe changes, respectively, Table 2 ).
Also, no differences between the 2 groups were observed for the presence of concomitant benign nodular thyroid pathology (10.3% vs 5.4%, P = .428) or chronic thyroiditis (25.6% vs 35.1%, P = .378).
Of importance, no differences in the frequencies of tumor invasive features such as intraglandular spread (P = .427), extrathyroidal extension (P = .616), lymphatic/vascular invasion (P = .754), and the presence of regional lymph node (P = .427) or distant metastases to the lung (P = .493) were found between the earlier-and later-onset group ( Figure 1 and Table 2 ).
The results of analyses of partially/nonencapsulated tumors were similar to those obtained for the whole group. As for fully encapsu- The numbers are specified according to the 4th edition of the WHO histological classification of thyroid tumors 24 and may slightly differ from those reported previously according to the 7th edition of the Japanese general rules for the description of thyroid cancer.
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c All fully encapsulated PTCs were in adult patients aged ≥19 years at surgery F, female; M, male.
was noninvasive. This tumor, however, had dominant solid growth pattern with severe oxyphilic cell metaplasia, not meeting the criteria for a noninvasive follicular thyroid neoplasm with papillary-like nuclear features. 24, 28 The size of fully encapsulated PTCs ranged from 6.7 to 32.6 mm, mean 15.8 mm, which was not significantly different from the nonencapsulated tumors for the whole series (14.8 mm, P = .945) or for young adult patients (13.6 mm, P = .874).
Only 1 encapsulated PTC with dominant papillary growth pattern, capsular and vascular invasion, and lymph node metastases was sized less than 10 mm.
| Analysis in age subgroups
Nearly identical results were obtained in separate analyses of age subgroups of children (Table S1 , Figure S1 ), adolescents (Table S2 , Figure S1 ), a combined children and adolescent group (the pediatric group, Table S3 , Figure S1 ), and young adults (Table S4 , Figure S1 ).
In the childhood subgroup (Table S1 ), mean tumor size appeared to be greater in the later-onset PTCs, although not statistically significantly (14.8 vs 22.0 mm, P = .430). A possible explanation is that 1 tumor removed 4 years after the accident was a DSV characterized by numerous small tumor foci scattered throughout the thyroid gland. Tumor size in this case is the size of the greatest thyroid lobe, which was 35 mm, contributing to the mean size increase.
In adolescents (Table S2) , a significant decrease in mean tumor size was observed over time on univariate (17.4 vs 11.2 mm, P = .007), but not on multivariate analysis (P = .061). This was paralleled by the greater frequency of small tumors sized 10 mm or less in the later-onset PTCs (24.1% vs 60.0%, P = .026 on univariate and P = .059 on multivariate analysis, Table S2 ), which remained marginally significant in the combined pediatric subgroup on multivariate analysis (P = .056, Table S3 ).
In the adult subgroup, no significant changes in tumor size or frequency of small tumors were detected. The distribution of dominant growth patterns in adult patients displayed a tendency toward the increase in the frequency of tumors with dominant papillary structure and the decrease in the frequency of tumors with dominant solid-trabecular patterns with time, which was seen on univariate statistical analysis but not in multivariate models (Table S4) .
No significant changes in the frequencies of oxyphilic cell metaplasia, any type of concomitant thyroid pathology and, importantly, of invasive features were found in any age subgroup (Tables S1-S4, Figure S1 ).
| Age-related trends of histopathological characteristics of PTC
The availability of 3 age subgroups in the study enabled trend analysis. Several morphologic tumor characteristics were found to vary with age in the entire series, as well as in the earlier-and later-onset groups (Table 3) . 
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TA B L E 2 (Continued)
TA B L E 3 Age-related trends for papillary thyroid carcinomas detected by ultrasound screening in Fukushima Prefecture, Japan, after the nuclear power plant accident In the whole group, a statistically significant trend towards the decrease in mean tumor size (both all cases and nonencapsulated PTC) was seen (P trend = .024 and P trend = .021, respectively). Agerelated downtrends were also found for concomitant chronic thyroiditis (P trend = .047) and intrathyroid spread, whose frequency declined in all cases (P trend = .008) and nonencapsulated PTCs (P trend = .020). No significant age-related trends were detected for other histopathological characteristics.
Among PTCs removed less than 4 years after the accident (earlier-onset group), similar significant downtrends were observed for the above parameters. In addition, there was an uptrend for PTC sized 10 mm or more (both all cases and nonencapsulated, P trend = .023 and P trend = .019, respectively).
In the later-onset group, significant age trends were observed only for the dominant growth patterns: an uptrend for dominant papillary (P trend = .005 for both all and nonencapsulated PTCs) and downtrend for dominant follicular growth patterns (P trend = .027 for both all and nonencapsulated PTCs).
Age-related trends for most histopathological characteristics did not show heterogeneity between earlier-and later-onset groups (Table 3 ). The increase in frequency of the dominant papillary growth pattern for all and nonencapsulated PTCs (P het = .034 and P het = .028, respectively) were the only trends that were more pronounced in the later-than in earlier-onset PTC.
| D ISCUSS I ON
In this work, we examined temporal patterns of histopathological changes of Fukushima PTC bearing in mind that radiation-related short-latency PTC detected 4-5 years after the Chernobyl accident was characterized by the high frequency of solid and solid-follicular growth patterns and morphological features of higher aggressiveness in comparison with sporadic PTC in age-matched groups. 15, 22, 23 Our analyses showed that most characteristics of PTC did not change significantly over time since the Fukushima NPP accident (see Figure 1 ). The only meaningful findings, complementing each other, were the decrease in tumor size and the increase in frequency of small PTCs measuring 10 mm or less in the later-onset tumors in adolescents, seen on univariate statistical analysis. Similar changes, however, were not observed in childhood or in adult patients'
subgroups.
An increase in the frequency of micro-PTCs after repeated screening examination has been reported in the BelarusianAmerican and Ukrainian-American Chernobyl cohorts, 25, 29 ascribed to active health surveillance. In our opinion, a somewhat increased detection rate of small-size tumors in Fukushima TUE in adolescents in the later-onset group could also be explained, at least in part, by the repeated screening. Further screenings will probably shed light if similar changes would be seen in other age subgroups.
It is important to emphasize that micro-PTCs in this study were not incidental "occult" tumors just because they were detected by ultrasound in asymptomatic patients. The high rates of extrathyroidal extension to the fat and connective tissue and nodal disease attest to the justified treatment tactics that included surgery in view of the patients' young age and the risk of rapid progression of tumors with such invasive characteristics. [30] [31] [32] [33] It should be noted that in 2017, the criteria for ascribing welldifferentiated thyroid carcinomas pT3 category were revised in the 8th edition of the TNM classification. PTCs would migrate from the pT3 to pT1a, pT1b, and pT2 categories.
However, in our opinion, even the minimal extrathyroidal extension deserved attention in the analysis of PTC invasiveness undertaken in this study.
We did not observe significant changes in mean tumor size in the whole series, which was 15.1 and 14.2 mm in the earlier-and later-onset PTC. Noteworthy nevertheless, that it was substantially smaller than that of sporadic PTCs from young patients from Japan. In previous studies, mean tumor size was 25.0 mm in children younger than 15 years at operation, and 18.0 mm in adolescents aged 15 years or older at surgery. 35 Another study reported sizes of 24.0 mm in children younger than 15 years at surgery and 21.9 mm in adolescents aged 15-18 years at surgery. 26 We explain these observations by the screening in Fukushima as all previous works involved tumors from nonscreened individuals. In addition, it appears that before the NPP accident, thyroid cancers in young patients
were usually detected at a more advanced stage. In this regard, a comparative histopathological analysis of Fukushima PTC and agematched sporadic PTC from Japan would be useful.
Mean tumor size tended to decrease with age in patients from
Fukushima (see Table 3 ). In our previous study of mutational profile of Fukushima PTC, the most prevalent BRAF V600E mutation (found in 63.2% of cases) was positively correlated with patients' age, ie, displaying an increase in prevalence from children to adults. (Table S4 ) in contrast to Chernobyl PTCs. These observations suggest that the "radiation nature" of later-onset tumors in Fukushima residents would be unlikely.
Morphological features of tumor aggressiveness, such as intrathyroid spread, extrathyroidal extension, lymphatic/vascular invasion, and frequency of regional lymph node metastases, did not change in the whole series or in age-matched subgroups. This is also at variance with findings in Chernobyl, where a significant difference in tumor aggressiveness was seen between radiationrelated and sporadic PTC in age-matched groups. 15, 22 These facts again advocate a similar etiology of the earlier-and later-onset PTC in Fukushima.
Our analysis of age trends detected a significant decrease in the frequency of intrathyroid spread (in all PTCs and earlier-onset group). In general, tumor aggressiveness at presentation is known to decline with patients' age, both in radiogenic and sporadic PTC. 22, 23 This might point at the common mechanisms underlying lesser tumor aggressiveness in older patients regardless of etiology; these may involve, eg, difference from younger patients' spectrum of somatic mutations driving carcinogenesis.
We acknowledge that our study has some limitations, primarily due to the inherent characteristics of the studied group of patients. In particular, the group of children included a small number of subjects. Furthermore, while the number of childhood cases in the later-onset group could increase (3 additional patients aged less than 15 years were diagnosed in the second full-scale survey), 12 the number of earlier-onset tumors will not. The same consideration applies to all other age subgroups described in the study. This circumstance, however, does not impede statistical analysis, although due to insufficient statistical power some subtle changes, perhaps, could not be revealed. However, our results show that no strong effects corresponding to morphological changes could be expected on comparison of the earlier-and later-onset tumors either in individual age subgroups or in the combined pediatric or the whole group.
In conclusion, our study shows that PTCs detected in Fukushima 
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